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Abstract

The ubiquitin-proteasome system (UPS) is critical for protein quality control and regulating
protein lifespans. Following ubiquitination, UPS substrates bind multi-domain receptors that,

in addition to ubiquitin-binding sites, contain functional domains that bind to deubiquitinating
enzymes (DUBSs) or the E3 ligase E6AP/UBE3A. We provide an overview of the proteasome,
focusing on its receptors and DUBs. We highlight the key role of dynamics and importance of

the substrate receptors having domains for both binding and processing ubiquitin chains. The
UPS is rich with therapeutic opportunities, with proteasome inhibitors used clinically and ongoing
development of small molecule proteolysis targeting chimeras (PROTACS) for the degradation

of disease-associated proteins. We discuss the therapeutic potential of proteasome receptors,
including hRpn13, for which PROTACS have been developed.
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The cellular investment into protein quality control and degradation

Cellular investment into protein degradation is substantial — with two prominent degradation
systems that are sophisticated and highly regulated: autophagy and the ubiquitin-proteasome
system (UPS). Central to both degradation systems is ubiquitin, which frequently serves as
a kiss of death to the proteins decorated with it, although ubiquitination can also signal for
nonproteolytic cellular events [1]. Multiple rounds of ubiquitination yields ubiquitin chains,
which can be highly variable (Box 1). This review focuses on the UPS.

The proteasome is central to the UPS and, like ubiquitin, can be diversified into various
forms by altering subunit constituency and interactors [2]. Degradation pathways are likely
important to the very nature of evolution and adaptation of cells to environmental stress as
they provide mechanisms to neutralize harmful mutations. Failure in or hijacking of the UPS
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is associated with myriad diseases and this degradation system is replete with therapeutic
opportunities. We provide a brief overview of the proteasome and its ubiquitin-binding
substrate receptors, highlighting functional mechanisms and opportunities for therapeutic
targeting. We apologize in advance for our many omissions, as the vastness and complexity
of the proteasome prevents us from including all valuable contributions to this field.

Proteasome nuts and bolts

At the core of the proteasome is the aptly named 20S core particle (CP), which by

itself can degrade intrinsically disordered proteins, including cells cycle regulators, tumor
suppressors, and proteins that are unfolded by damage or mutations. The peptide products
of the CP are determined by the catalytic B-subunits, which are altered to form specialized
proteasomes, namely, the immunoproteasome (iP) and thymoproteasomes (tP). Inhibition
of the CP, in combination with other therapeutics including lenalidomide, dexamethasone,
or doxorubicin, is standard treatment of care for hematological cancers. Continued
development of inhibitors against the CP, iP, and tP, including alterations that allow for
greater specificity by taking advantage of their subtle differences, is of great therapeutic
interest. The first clinically approved inhibitors, including bortezomib and carfilzomib,
target both the CP and iP; recently, the specific iP inhibitor KZR-616 [3] was approved to
treat autoimmune inflammatory myopathies.

The narrow gate opening of the CP coupled with an inability to catalyze protein unfolding
renders it ineffective against structured proteins. Degradation of structured proteins by

the CP requires the 19S regulatory particle (RP), with the CP-RP complex forming

the 26S proteasome (Figure 1A). A heterohexameric ATPase ring of Regulatory particle
triphosphatase (Rpt) subunits (Rpt1-Rpt6) in the RP docks against the CP and translocates
substrates into its proteolytic interior (Figure 1B, light purple). In the cytosol, AKIRIN2
similarly binds to the CP a-ring and by also binding to the nuclear import factor Importin-9
(IPQ9), drives nuclear import of intact proteasomes (CP and CP-RP) [4]. AKIRINZ2 is
degraded by the proteasome once in the nucleus, perhaps in response to release of IPO9,
generating an uncapped end or ends of the CP. This mechanism of generating an uncapped
CP surface may enable its binding by the regulator 11S+y [5], which is abundant in the
nucleus where it degrades cell cycle regulators and transcription factors [6].

Structures of the 26S proteasome have been solved by cryo-electron microscopy (cryo-EM)
with the RP in different conformations [7-18], including with ubiquitinated substrates
[19-22]. Substrate engagement causes alignment of the ATPase ring over the CP and
generates an extended substrate entry channel (Figure 1C). To initiate degradation, a flexible
unstructured sequence in the substrate extends into this channel to engage the ATPase ring
[23]. When not present natively, an unstructured initiation sequence can be generated by the
ubiquitin-binding ATPase Cdc48/p97 [24,25] and ubiquitin conjugation to the substrate itself
can destabilize certain protein folds [26]. Greater mechanistic detail on the actions of the
ATPase ring and its interaction with substrates during processing can be found in a recent
review [27].
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The RP can be biochemically separated into two subcomplexes (Figure 1A), a ‘base’ that
contains the ATPase ring (Figure 1B, light purple), Regulatory particle non-ATPase (Rpn)

1 (Figure 1B, light pink), Rpn2 (Figure 1B, deep purple), and Rpn13; and a ‘lid’, which
resembles a fan-like structure and extends upright from the CP to cover one side of the RP
(Figure 1B, shades of green). The lid most likely plays an important role in holding the

RP together during substrate-dependent conformational switching and contains the essential
deubiquitinating enzymes (DUB), Rpn11/Poh1l (Figure 1B, cyan), which removes ubiquitin
from substrates as they translocate into the substrate entry channel of the ATPase ring.
Rpn11 contacts the Rpt4 oligonucleotide-binding (OB) domain and following substate
engagement, caps the substrate entry channel (Figure 1B, left). Substrate receptor Rpn10

is also in the RP, located at the base-lid interface (Figure 1B, pink). The RP substrate
receptors Rpnl, Rpnl10, and Rpn13 are multi-modular with binding domains for ubiquitin
and ubiquitin-binding shuttle factors and for transient interactions with ubiquitin processing
enzymes, as described below.

Proteasome substrate receptors on the move

Proteasome receptors Rpnl, Rpn10, and Rpn13

Ubiquitin chains linked by K48 signal for proteasomal degradation and a commonality

of Rpnl, Rpnl0, and Rpn13 is their preference for this chain type although their ubiquitin-
binding modules differ [28-31]. Each substrate receptor has different affinity for other
linkage types, and together, the three receptors allow the proteasome to bind all chain types
[28-30,32,33]. Rpnl has a large toroid structure with a site that includes three outer helices
named toroid 1 (T1) that bind to two ubiquitin moieties (Figure 2A), albeit with differential
affinity [30]. A study [31] of the isolated scRpn1 protein also revealed ubiquitin binding

at a site that is N-terminal to the toroid named N-terminal to Toroid (NT) (Figure 2B).
Although future studies are needed to demonstrate binding of the NT site to ubiquitin in
the proteasome context, the T1 and NT extend along a common Rpn1 surface (Figure 2B),
suggesting that they could potentially bind to a common ubiquitin chain.

Rpn10 uses single-helix ubiquitin interacting motifs (UIMs) that are connected by a flexible
region to bind to ubiquitin chains [34,35]. The number of UIMs in Rpn10 is species
dependent with human Rpn10 (hRpn10) having two UIMs, allowing hRpn10 to bind two
ubiquitin moieties of a chain, and like the Rpnl T1, these two sites have differential affinity
for ubiquitin [30,34]. The Rpn10 proteasome-binding von Willebrand factor type A (VWA)
domain has also been observed to bind to ubiquitin, but this interaction is proposed to
promote its monoubiquitination and in turn, Rpn10 expulsion from the proteasome [36].

Rpn13 binds ubiquitin at a single site formed by three loops of a Pleckstrin-like receptor

for ubiquitin (Pru) domain [37,38] with interactions at the K48 linker region that establish

a preference for this chain type [39]. Nuclear magnetic resonance (NMR) studies have

found hRpn13, hRpn10, and Saccharomyeces cereviae Rpnl (scRpnl) to interact dynamically
with K48-linked diubiquitin; ubiquitin exchanges at the scRpnl T1 site with the distal or
proximal ubiquitin binding to either the binding site formed by Helix26 (H26) or that at
Helix30 (H30) (Figure 2A) and similarly ubiquitin moieties exchange between the two
UIMs of hRpn10 (Figure 2C). Although the hRpn13 Pru has only one ubiquitin-binding
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site, it exchanges dynamically between the ubiquitin moieties of a K48-linked chain [39]
(Figure 2D). This dynamic behavior is intrinsic to the low affinity of each site for individual
ubiquitin molecules. In larger chains, this low affinity is expected to promote dynamic
exchange of the ubiquitin chains attached to a substrate between the multiple receptor sites
at the proteasome. As none of the ubiquitin binding sites provide a strong enough affinity
to rigidly hold onto ubiquitin moieties within a chain for an extended duration, exchange

of ubiquitin moieties between the various substrate binding sites of RP is expected. Such
exchange may promote movement of the substrate around the ATPase ring that helps it to
find and engage productively with the substrate entry channel [39,40].

Dynamics in the proteasome substrate receptors is likely to also help with initial substrate
capture. The hRpn13 Pru binds to an intrinsically disordered C-terminal tail of hRpn2/
PSMDL1 [41]. This region snakes along a hydrophobic channel in hRpn13, binding with 12
nM affinity [41-43]. hRpn2 has a large, structured toroid domain that its hRpn13-binding
C-terminus seems to pivot about, causing flexibility in the orientation of hRpn13 relative

to the toroid and rest of the proteasome (Figure 2E). This model of hRpn13 flexibility is
supported by its limited visibility in cryo-EM density maps of the proteasome and to date,

it has only been observed at yeast proteasomes and at low resolution [16,17,44,45]. The
ubiquitin-binding Rpn10 UIMs are similarly flexible with disordered amino acids separating
them from the Rpn10 VWA and each other (Figure 2E). The dynamic nature of the hRpn10
UIMs and hRpn13 Pru likely benefits substrate capture by allowing them to sample a greater
spatial volume for binding to ubiquitin chains and in addition, would allow flexibility in
ubiquitin chain placement at the proteasome. This latter feature may be important for the
large breath of ubiquitin chain architectures and diversity of substrates that are processed by
the proteasome.

Extending the proteasome receptors via shuttle factor proteins

Additional ubiquitin-binding sites become available at the proteasome through Rad23, Dsk2,
and Ddil family members. These so-called “shuttle factor’ proteins bind to ubiquitin with
one or more ubiquitin-associated (UBA) domain(s) while using ubiquitin-like domains
(UBLSs) to bind to the ubiquitin-binding sites in Rpn1, Rpn10, or Rpn13 [28-31,37,46-51].
Between the UBL and UBA domains of these proteins are long stretches of intrinsically
disordered sequence [50,52]. This disorder further contributes to the flexibility of ubiquitin
chain binding at the proteasome, allowing the UBA domains to span the full volume around
the RP while the UBL domain is docked. In addition to tethering ubiquitinated substrates
to the proteasome, UBL-UBA proteins can promote the formation of liquid-liquid phase
separated (LLPS) proteasome-containing foci that actively degrade protein substrates (Box
2).

Extending the proteasome receptors via DUBs

Ubiquitin binding sites are also present in the proteasome DUBs. A crystal structure

was solved of the yeast Rpn11:Rpn8 heterodimer with monoubiquitin, which revealed a
three-stranded p-sheet between an Rpn11 B-hairpin and the ubiquitin C-terminus [53]. This
interaction is expected to stabilize ubiquitin for isopeptide cleavage by Rpnl11 and was also
observed in cryo-EM studies of yeast [54] and human [21] proteasome with a trapped model
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substrate that had conjugated K63-linked ubiquitin chains. As the substrate threaded through
the center of the ATPase, ubiquitin was bound to Rpn11 (Figure 1C). Another cryo-EM
study revealed Rpn11 binding to an unanchored (without substrate) M1-linked ubiquitin
chain at the proteasome [10].

The proteasome has two additional DUBs, Ubp6/USP14 and UCHL5/Uch37, which bind to
Rpnl and Rpn13, respectively. A UBL at the N-terminus of Ubp6 binds the Rpn1 toroid at
a location named toroid 2 (T2), which is nearby to its T1 site [30] (Figure 3B); an atomic
resolution structure has recently been determined for this interaction at the proteasome

[55]. Ubiquitin binding by Ubpé6 stabilizes the proteasome in the substrate-engaged state,
making the ATPase ring inaccessible to the initiation sequence of a new substrate [45,56,57].
When ubiquitin-bound, the Ubp6 catalytic domain contacts Rptl [45,57], thus extending
inward to a more central location compared to the peripheral T2 site [55]. Interaction with
Rptl releases Ubp6 from an autoinhibitory mechanism by releasing steric obstruction of

its catalytic region [58], resulting in Ubp6 activation and proteasome inhibition [59]. Thus,
Ubp6 hydrolase activity at the proteasome is linked to delayed substrate translocation and
proteolysis. This mechanistic coupling may act as a sensor of whether ubiquitin chains have
been cleared from the RP well enough to initiate the degradation of a new substrate.

UCHL5/Uch37 binds to the proteasome through hRpn13, with its ULD domain enveloped
by a C-terminal deubiquitinase adaptor (DEUBAD) domain in Rpn13 [60,61] (Figure 3C).
Similar to Ubp6, UCHLS5 also has autoinhibitory mechanism; a flexible inhibitory loop in
UCHLS5 moves away from its catalytic domain upon binding to the hRpn13 DEUBAD,
thereby activating its hydrolase activity [60-62]. In the absence of UCHLS5 and other
binding partners, the hRpn13 Pru and DEUBAD interact with each other [63], perhaps

to prevent lower affinity interactions with monoubiquitin, which is used for other signaling
processes [1,64]; however, proteasome binding displaces the DEUBAD from the Pru. A
similar autoinhibitory mechanism seems to exist in the shuttle factor proteins, as their UBAs
interact intra- and inter-molecularly with their UBLs [52,65]. An intrinsically disordered
sequence of ~130 amino acids separates the hRpn13 Pru and DEUBAD, perhaps to allow
UCHLS5 to access a large area for deconjugation of ubiquitin chains [63].

Coordinated binding of ubiquitin chains by the ubiquitin receptors and DUBs is most

likely a determinant of degradation efficiency, with each factor making contributions that
collectively allow the proteasome to degrade its diverse substrates. Substrates with multiple
ubiquitin chains attached most likely engage Ubp6, which removes supernumerary ubiquitin
chains from proteasomal substrates [66]. UCHL5 hydrolyzes K48 branched ubiquitin chains,
such as K48/K6, K48/K11, and K48/K63 [67,68] due to a K48-specific binding site in
UCHLS5, which is required for debranching and proteolysis of such chains at the proteasome
[69]. Thus, UCHLS5 acts on specific chain topologies. The emerging model of Ubp6
removing ‘extra’ chains and UCHL5 removing branched chains suggests that their main
activity may be priming ubiquitinated substrates for Rpn11 engagement. The extent to which
ubiquitin chains are hydrolyzed into individual ubiquitin molecules at the proteasome is

not known and may primarily occur by DUBSs that hydrolyze unanchored ubiquitin chain
products following their release from the proteasome. Each of the proteasome DUBs have
therapeutic promise. A small-molecule inhibitor was developed against Usp14 and found to
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accelerate the degradation of a subset of proteasome substrates in mammalian cells [59] and
several inhibitors against hRpn11 have been developed [70-72].

Other proteasome receptors

Other receptor sites for ubiquitin have been proposed at the proteasome, including ATPase
subunit Rpt5 and lid component Sem1/Dss1, as reviewed in [73]. Recently, a cryo-EM study
of proteasomes isolated from human cells and mixed with a ubiquitinated model substrate
found in small populations, extra density consistent with the size expected for ubiquitin at
the Rpn10 VWA as well as a region in Rpnl distinct from the T1 and NT sites, a location

in Rpn2 homologous to Rpnl T1, and CP subunit a5 [74]. Multiplicity of ubiquitin binding
sites throughout the proteasome likely favors a ubiquitination topology that takes advantage
of avidity affects by allowing the binding of multiple receptors without compromising
substrate proximity to the ATPase ring. These requirements would likely favor substrates
with multiple ubiquitin chains of moderate length to enable their distribution to dispersed
receptors (Figure 3A). Moreover, interactions with conjugated ubiquitin at various receptor
sites may induce additional physical forces on the substrate during translocation that assist
unfolding.

It is possible that slowed fluctuations of the proteasome receptor sites caused by
ubiquitin/UBL binding promotes activation of the proteasome by extending the lifetime of
the substrate-engaged conformational state. Proteasomes were found to be predominantly
in the substrate-free state in intact neurons [75] and the cytosol and nucleus of
Chlamydomonas reinhardtif [76,77]; however, their substrate engaged state was enriched
following the addition of poly-GA containing protein aggregates into neurons [78], perhaps
in response to the proteasome substrate receptors binding to the ubiquitinated aggregates.
Proteasome binding to ubiquitin or UBLSs has been found to induce CP gate opening,
proteolysis, and ATP-hydrolysis activities [57,79-82]; however, the mechanisms behind
this activation are not yet known. For example, unanchored K48-linked ubiquitin chains
stimulated the peptidase activity of the 26S proteasome in an /n vitro assay by a mechanism
independent of its mode of delivery [81].

Proteasome receptors in health and disease

The many modules of hRpn10

Rpn10 is positioned at a central location of the RP, in contact with Rpn11 and the ATPase
ring (Figure 1B—C). Due to the dynamics of Rpn10’s C-terminal half, only its VWA domain
is visible in cryo-EM structures of the proteasome. Nonetheless, the Rpn10 UIMs appear

to be ideally poised to aid in the recruitment of ubiquitin chains to Rpn11 and to also
potentially help drive conformational switching involving the ATPase ring and surrounding
regions by their own internal motions.

Efforts to probe the relative contribution of the multiple ubiquitin-binding sites in the
proteasome generally invoke deletion of Rpn10, including its VWA domain; however,
interpretation of these experiments is complicated by the important structural contributions
of the VWA Positioned at the base-lid interface, the VWA appears important for
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maintaining the RP structural integrity during conformational switching, as its deletion

from yeast [83] and human cell lines [84] causes RP structural instability. Yeast studies
demonstrate that the VWA is mono-ubiquitinated and suggest that this modification induces
Rpn10 dissociation from the proteasome and in turn, proteasome interaction with Dsk2
[36,85]. The frequency and impact of Rpn10 exchange on and off of the proteasome remains
to be elucidated but the resulting proteasome instability from hRpn10 reduction in human
cells [84] suggests that the RP base-lid interaction would be disturbed following hRpn10
expulsion.

At its C-terminal end, hRpn10 has an additional functional module that binds to the E3
ligase E6-associated protein (E6AP)/ubiquitin protein ligase E3A (UBE3A), but direct
evidence for EBAP ubiquitinating hRpn10 has yet to be found [84,86]. By itself, this
region in hRpn10 is intrinsically disordered but upon binding to E6AP, it forms a 4-helix
bundle with two helices from the EGAP N-terminal amino-terminal Zn-finger of UBE3A
ligase (AZUL) domain (Figure 3D); this domain is thus named Rpn10 AZUL-binding
domain (RAZUL) [84]. The RAZUL is the first identified binding site for ubiquitination
machinery at the proteasome, although other ligases have been found associated [56,87,88].
E6AP loss at the proteasome reduces the amount of associated ubiquitinated proteins [84],
highlighting unique importance for this E3 at the proteasome. The coupling of hRpn10 to
E6AP also occurs through correlated protein levels whereby E6AP abundance is reduced
in whole cell lysates following loss of hRpn10 [84]. The mechanism of this correlated
protein abundance is not known and hRpn10 is not reduced following loss of EGAP [84].
Though non-essential in yeast, deletion of Rpn10 from mice or Drosophila melanogaster
causes embryonic lethality [89,90]. Its functional importance in the development of higher
eukaryotes may stem from an increased dependency on its role as a proteasome substrate
receptor, as Rpn10 has only one UIM in budding yeast and multiple in higher eukaryotes,
and/or its activities involving E6AP, as neither the RAZUL domain nor EGAP is present in
yeast.

E6AP dysregulation and dysfunction is associated with neurological diseases, including
Angelman syndrome [91-93] and autism spectrum disorders [94], as well as cancer. The
importance of EBAP to human health may relate to its relationship with hRpn10 and/or the
proteasome. E6AP has three isoforms with distinct distribution between the nucleus and
cytosol in neurons [95,96], with hRpn10 and the AZUL required for nuclear localization
[96]. Loss of nuclear EGAP causes physiological defects and an Angelman syndrome
missense mutation in EBAP causes its mislocalization [96]. Moreover, E6AP is hijacked
by the high-risk human papilloma virus E6 oncoprotein to induce ubiquitination and
degradation of tumor suppressor p53, mechanistically contributing to cervical cancer [97].
Human papilloma virus (HPV) E6 may have evolved to bind E6AP rather than another E3
due to its location at the proteasome. If so, this relationship would suggest that EGAP may
be an ideal E3 target for proteolysis targeting chimera (PROTAC) molecules (Figure 4B).

Similar to the HPV viral oncogene, a PROTAC-like mechanism involving Rpn10 has
evolved in insect-vectored plant pathogenic phytoplasmas that results in prolonged host
plant lifespans and promotes witches’ broom-like proliferations of leaf and sterile shoots
for colonization by phytoplasmas and vectors [98]. This effect is achieved by bifunctional
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phytoplasma effector SAPO5 proteins, which bind to both plant Rpn10 VWA domains as
well as transcription factor families SPL and GATA, a scaffolding activity that triggers
ubiquitin-independent degradation of SPLs and GATAs. SAP05 does not bind to insect
Rpn10 VWA, with specificity defined by only a two amino acid substitution. This discovery
highlights the ability of proteasome subunits themselves to serve as inducers of protein
degradation, thereby encouraging the development of PROTACS that bypass the requirement
for ubiquitination.

The therapeutic promise of hRpn13

The importance of Rpn13 as a ubiquitin receptor at the proteasome has been debated, with
Rpn10 proposed to be the essential substrate receptor [99,100]. A study with proteasomes
from yeast expressing Rpnl, Rpn10, or Rpn13 with defective ubiquitin binding indicated
intact Rpn10 to be sufficient for achieving wild-type single-turnover of a model substrate
protein with K48-linked ubiquitin chains and that Rpn1 serves as an effective co-factor with
Rpn10 for a substrate protein with K63-linked chains [100]. It is not clear whether these
findings can be extended to all substrates and/or whether there are factors in the cellular
environment that modulate the need for one proteasome receptor over another. Deletion of
UCHLS5 or Rpn13 from mice causes embryonic [101] or post-natal [102] death, respectively,
suggesting a prominent role for both proteins during development. Loss of hRpn13 causes
reduced UCHLS protein levels [103-105] by an unknown mechanism. Hence, untangling
their distinct functional significance is challenging. Human cells with UCHLS5 deleted
exhibit an increase in bulk ubiquitinated proteins at the proteasome [103], supportive of

its unique role in hydrolyzing branched ubiquitin chains [67]. This accumulation is lost,
however, in cells deleted of hRpn13 despite greatly reduced levels of UCHLS5 [103],
suggesting that hRpn13 plays a non-redundant role in the recruitment of these ubiquitin
chains to the proteasome or that Rpn13-bound chains particularly require the activity of
UCHLS5. Deletion of only the hRpn13 Pru domain, maintaining the hRpn13 UCHL5-binding
DEUBAD and canonical levels of UCHLS5, similarly causes a reduction of proteasome-
associated ubiquitinated proteins [103]. It is possible that in the absence of hRpn13 Pru and
UCHLS5, it is harder for substrates to reach the proteasome. Alternatively, their loss at the
proteasome may cause substrates to be processed more quickly. Steady-state analyses of
yeast proteasomes found deletion of Rpn13 to accelerate degradation when the proteasome
was saturated with substrate [100]. It is also possible that reduced ubiquitinated proteins at
the proteasome is caused by their escape due to en bloc hydrolysis by USP14 [106], which
otherwise acts on supernumerary ubiquitin chains [66]. The recycled ubiquitin chains may
in turn be of a more complex topology than those generated with the benefit of UCHL5
debranching.

The RP has potential as both an alternative therapeutic target to the CP as well as a target
synergistic with the CP. hRpn13 has emerged as a promising candidate for therapeutic
targeting of the RP, in part because of a cysteine residue (Cys88) available at the

periphery of its hRpn2-binding channel that has an accessible sulfur for forming a covalent
bond with small molecules [107-109]. The first hRpn13-targeting compounds were bis-
benzylidine piperidone derivatives [107,108] which react with exposed cysteines in general
[42,107,110]. Nonetheless, these compounds showed hRpn13-dependent accumulation of
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ubiquitinated proteins and induction of apoptosis in cancer cells [42,103,111], albeit
incomplete knockdown of hRpn13 does not show dependency [112]. A next-generation
molecule with specificity for hRpn13 (XL5) was developed by using a combined structure-
biophysical screening pipeline [109] taking advantage of the hRpn13:hRpn2 structure
[42,43]. This compound has a weaker electrophile for Michael addition at Cys88 and forms
more stable interactions with the surrounding region, including by interdigitating into a
hydrophobic pocket created by lateral movement of a p-hairpin in the Pru domain (Figure
4C). XL5 was linked to an E3 ligase-targeting compound to generate an hRpn13 PROTAC
that induced apoptosis in cells expressing hRpn13 with an intact Pru domain [109].

The hRpn13 PROTACS further revealed a plausible mechanism of action for hRpn13
targeting. Whereas full length hRpn13 was not substantially reduced in cells treated

with the hRpn13 PROTAC, a fragment lacking the DEUBAD domain (hRpn13P™) was
ubiquitinated and degraded [109]. Intriguingly, hRpn13P™ appears to be generated by the
proteasome from full length hRpn13 with cell type dependency, with greater abundance

in cells that are sensitive to the hRpn13 PROTAC, such as multiple myeloma cells [109].
This hRpn13 species cannot bind UCHLS5 suggesting that it cannot be deubiquitinated

by UCHLS5 in contrast to the DEUBAD-containing full length protein. hRpn13P™ has

also lost any regulatory restrictions imposed by the interdomain DEUBAD:Pru interaction.
Ubiquitination of hRpn13 was observed in a previous study that found it to be ubiquitinated
by the proteasome E3 ligase Ube3c/Hul5 and following heat-shock, arsenite exposure, or
proteasome inhibition [113]. It is possible that the ubiquitinated hRpn13 species observed in
this study include hRpn13P™Y, as the pattern of ubiquitination appears to match that observed
by hRpn13P™ ubiquitination [109].

Altogether, these data suggest that that hRpn13 pharmacological approaches lead to
apoptosis in cancer cells by a mechanism of action driven by the targeting of endogenously
produced hRpn13P™, which is up-regulated in certain cancer cell types, including multiple
myeloma. The enhanced production of hRpn13P™ in cancers may reflect dysfunction at the
proteasome and conversely may impart dysfunction. Hence, this hRpn13 species may be a
marker for certain cancers and responsiveness to treatments related to the proteasome.

Concluding remarks

In summary, the proteasome has multiple substrate receptors and DUBSs, but each with
functional distinctions. A shared physiochemical property of the receptors is the highly
dynamic nature of their interactions with ubiquitin chains. The ubiquitin-binding sites are
also used to bind ubiquitin shuttle factors, allowing the substrate receptors to also act
indirectly and the advantage of additional dynamics imparted by the UBL-UBA proteins.
Rpnl, Rpn10 and Rpn13 are multi-modular with distinct elements that appear to couple their
ubiquitin binding activities to ubiquitination machinery. This feature is interesting in the
context of the proteasome where these elements could have in principle been separated into
different subunits and suggests that interaction between the distinct modules, as has been
observed by structural studies, provides mechanistic advantages. It is possible for example
that binding of substrates to the Rpnl T1 and/or NT site causes allosteric interactions

at the T2 site that impacts interactions with USP14; notably this DUB also has innate
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flexibility between its UBL and catalytic domain. It is not yet clear whether ubiquitin
receptor interactions with the ubiquitin processing enzymes are important for their activity
when not assembled into the proteasome, or even what these activities may be. For example,
do the DUB binding partners prevent ubiquitin chains from being assembled on hRpn1 or
hRpn13? The hRpn13 PROTAC suggests that this might be the case, as only hRpn13P™! is
robustly lost following its addition to cells [109].

The hRpn13 DEUBAD domain and hRpn10 RAZUL do not exist in budding yeast, where
UCHLS5 and E6AP are also absent, suggesting their co-evolution. The importance of UCHL5
in hydrolyzing branched ubiquitin chains suggests that perhaps the E3 ligases that catalyze
formation of this chain type are also lacking in yeast. Moreover, UCHL5 and E6AP protein
levels correlate with hRpn13 and hRpn10, respectively, suggesting that their functions are
tightly coupled. Future studies aimed at fully understanding the mechanistic advantage of
the coupling of Rpn1, Rpn10 and Rpn13 to USP14, E6AP, and UCHLS5 respectively will no
doubt open up new opportunities for therapeutic targeting and reveal advantages of tethering
functional activities into a single chain protein that will be applicable to other biomolecular
machines (see Outstanding Questions).
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26S proteasome
A 2.5 MDa holoenzyme that degrades proteins into peptides and is formed by a 19S RP
capping a 20S CP

Autophagy
a degradation pathway named from the Greek words for self (auto) and eating (phagy)

Core particle (CP)

The CP is formed by four stacked heteroheptameric rings and has a hollow interior. Two
central B-rings contain the catalytic subunits and outer a.-rings restrict entry into the
catalytic chamber by steric occlusion as their N-terminal amino acids form a gate that
extends across the center of the CP

Deubiquitinating enzymes (DUBS)
A family of enzymes that deconjugate ubiquitin chains and/or remove them from protein
substrates. Humans express ~100 different DUBs

Immunoproteasome (iP)

An altered form of the proteasome that is generated in cells of hematopoietic origin or
following induction by pro-inflammatory cytokines. Peptides generated by the iP are loaded
onto major histocompatibility complex (MHC) class | molecules for T-cell presentation at
the cell surface
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Proteolysis targeting chimera (PROTAC)
PROTAC:S bind to an E3 ligase and physically tether it to a protein of interest to induce its
ubiquitination and in turn degradation by the proteasome

Regulatory particle (RP, also known as PA700)
The RP caps either or both ends of the CP and unfolds protein substrates while translocating
them into the central interior of the CP for hydrolysis

Regulatory particle triphosphatase (Rpt)

Regulatory particle triphosphatase (Rpt) subunits (Rpt1-Rpt6) serve as the translocating
motor of the RP and their C-termini dock directly into pockets formed at the interface of the
CP a-subunits, an interaction that induces opening of the a.-ring gate

Substrate receptor
Ubiquitin-binding subunits of the proteasome, including Rpn1, Rpn10, and Rpn13

Thymoproteasome (tP)
specialized proteasome of cortical thymic epithelial cells. Peptides from the tP drive positive
selection of CD8* T cells [114,115]

Ubiquitin-associated domain (UBA)
An ~40 amino acid sequence that folds into a 3-helix structure and typically binds ubiquitin

Ubiquitin-like domain (UBL)

A protein or region within a protein that is defined by sequence and structural similarity
to ubiquitin. UBLs form a B-grasp fold and similar to ubiquitin, some can be covalently
conjugated to other proteins

Ubiquitin-proteasome system (UPS)

a highly regulated degradation pathway that begins with post-translational modification of
protein substrates with ubiquitin and culminates in substrate proteolysis by the proteasome.
To ubiquitinate substrates, humans have two ubiquitin E1 activating enzymes, ~40 ubiquitin
E2 conjugating enzymes, and ~600 ubiquitin E3 ligases
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Box 1:

acids.

The chains of ubiquitin

Ubiquitination begins with ATP-dependent charging of the C-terminal end of the 76-
amino acid protein ubiquitin by a ubiquitin E1 activating enzyme, resulting in a ubiquitin
thioester attached to the E1 active cysteine. Ubiquitin is then transferred to a ubiquitin
E2 conjugating enzyme to form an E2-ubiquitin thioester. E2s bind to ubiquitin E3 ligase
enzymes, which can serve as scaffolds to facilitate transfer of ubiquitin from the E2 to

a substrate directly or as ubiquitin carriers, accepting ubiquitin at an active site cysteine
before its transfer to a substrate. In the final transfer step, the ubiquitin thioester forms
an isopeptide bond with a side chain lysine or N-terminal end of a protein substrate

or another ubiquitin. Ubiquitin chains are formed by isopeptide linkages involving the
N-terminal M1 or e-amino group of one of the seven lysines (K6, K11, K27, K29, K33,
K48, K63). Chains can be formed by using a single linkage type (homotypic), multiple
linkage types (heterotypic), or a single ubiquitin can have multiple ubiquitins added to it
to form a branched chain. Protein substrates can also be ubiquitinated at multiple amino

Trends Biochem Sci. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Osei-Amponsa and Walters

Box 2:
Shuttle factors and proteasome foci

Studies in human cells revealed cellular stress to cause nuclear proteasomes to localize
to LLPS condensates in a RAD23B-dependent [116,117] or p62-dependent [118]
manner. These proteasomal foci are proteolytically active and differ by their recruited
substrates. Whereas RAD23B-dependent foci promoted degradation of ribosomal or
heat shock proteins, p62-mediated proteasome foci contained transcription factors and
unassembled proteasomal subunits, perhaps co-localized by moonlighting activities for
these proteasomal components in transcription or DNA repair [119]. p62, also known
as sequestome-1 (SQSTM-1), is an autophagy regulator [120], that uses its C-terminal
UBA domain to mediate formation of LLPS foci that contain ubiquitin conjugation
machinery (E1, E2, and E3), DUBs (USP15 and USP26), and either K48-linked or
K63-linked ubiquitin chains [118]. By contrast, only K48-linked chains were found in
RAD23B-mediated foci, with colocalized E6AP [116]. Following osmatic stress, UCHL5
localizes to proteasome foci and its deletion from cells by gene editing caused increased
accumulation of K11/K48 branched ubiquitin chains at proteasome foci [68].

Unique to the hPLIC/UBQLN family of shuttle receptors is a series of stress-inducible
heat shock chaperonin-binding (STI1) motifs in the center of their sequence by

which they can interact with chaperone or autophagy proteins [121-123]. UBQLN
colocalization in inclusion bodies is very common in neurodegenerative disorders, such
as amyotrophic lateral sclerosis [124]. Following certain stressors, similar to RAD23B,
UBQLNZ2 colocalizes with LLPS stress granules, mediated by oligomerization of its
STI1-11 matifs. Binding of ubiquitin to the UBA of UBQLNZ2 is reported to disrupt

its LLPS and speculated to trigger its exit from stress granules to allow it to deliver
substrates to the proteasome [125]. This model contrasts the mechanism observed for the
RAD23B-mediated and p62-mediated foci with active proteasomes.
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Outstanding Questions
What is the function of Rpn10 and Rpn13 off the proteasome?

What mechanisms link Rpn10 and Rpn13 protein levels to EGAP and UCHL5
respectively?

Why are Rpn10 and Rpn13 physically coupled to EGAP and UCHL5?
How do ubiquitin/UBL interactions lead to proteasome activation?

What is the conformational status of the Rpn10 UIMs and RAZUL at the proteasome
during substrate processing?

Is EGAP required at the proteasome for any cellular activities and is its HPV targeting
linked to its presence at the proteasome?

Do other E3 ligases have specific binding sites at the proteasome and if so, where?
What induces production of hRpn13P™ in multiple myeloma cells and how do hRpn13-
targeting compounds induce apoptosis?
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Highlights

Inhibitors against the proteasome core particle (CP) treat hematological
cancers and new therapies that target the proteasome continue to be
developed.

At the proteasome, substrate receptors (Rpnl, Rpnl0, and Rpn13) have their
own intrinsic dynamics and bind to ubiquitin chains dynamically, aiding in
substrate capture and processing.

Proteasome substrate receptors are multi-modular, with distinct domains for
binding to substrates through ubiquitin chains and to DUBs USP14 and
UCHLS or ubiquitin E3 ligase E6AP.

Inducing proteasomal degradation is done naturally by pathogens that
generate neo-substrates through Rpn10 and E6GAP and a PROTAC has been
developed against Rpn13.
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Figure 1. Architecture of the human 26S proteasome.
(A) Surface view of the human 26S proteasome (PDB: 5GJQ), highlighting the CP a-rings

(grey), p-rings (blue), and subunit B5 (red) and the base (purple) and lid (light green)
subcomplexes of the RP. (B) Expanded view of the RP from panel (A) to highlight the
base (left) and lid (right) subunits. Base subunits hRpn1 (light pink), hRpn2 (purple), and
the AAA-ATPase ring (hRpt1-hRpt6; light purple) are displayed and all lid subunits are in
shades of light green except for hRpn11, which is cyan. hRpn10 (pink) is located at the
base-lid interface (center). (C) Structure of the human 26S proteasome (6MSE and 6MSJ)
with a bound ubiquitinated model substrate (gold) extending through the substrate entry
channel of the ATPase ring. The a-ring (grey) and ATPase (purple) subunits are shown in
cartoon representation. This figure was generated in ChimeraX.
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Figure 2. The dynamic nature of the proteasome-associated ubiquitin receptors.
(A) Ribbon diagram representation of the structure of the scRpn1 (light pink) T1 site,

formed by three outer a-helices (H26, H28, H30, indigo), bound to K48-linked diubiquitin
with the ubiquitin moiety having a free glycine (proximal ubiquitin, yellow) at either H26
(left) or H30 (right); the two states (PDB: 2N3V, left panel and PDB; 2N3W, right panel) are
in exchange with equivalent populations in solution (represented by arrows of equal size).
The distal ubiquitin (light orange) is linked by its C-terminal G76 (labeled) to K48 (heavy
sidechain atoms displayed as sticks and labeled) of the proximal ubiquitin. (B) Ribbon

(left) and surface (right) illustration of the scRpn1 structure (light pink; PDB: 5MPC)
highlighting the T1 (indigo) and NT (deep orange) ubiquitin-binding sites. (C) Structure of
the ubiquitin-binding region of hRpn10 (green) bound to K48 diubiquitin (displayed as in
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(A)). UIM1 and UIM2 bind to either ubiquitin moiety, with a preference for UIM2 at the
proximal ubiquitin (represented by a larger arrow pointing to this state, PDB; 2KDE and
PDB: 2KDF). The flexible linker regions between the two UIMs allow for dynamics, as
does the exchange of the UIMs between the two ubiquitin moieties. The images presented
are a snapshot from a dynamic ensemble. (D) Structure of the hRpn13 Pru (pink) bound to
hRpn2 (purple) and to K48 diubiquitin at either the proximal (left; PDB: 6UY1) or distal
(right; PDB: 6UYJ) moiety. hRpn13 Pru has higher affinity for the proximal ubiquitin but
exchanges between the two moieties (represented by two arrows with the larger pointing to
hRpn13 Pru bound to proximal ubiquitin). The unbound ubiquitin is dynamically distributed
relative to the hRpn13 Pru-bound ubiquitin (depicted by a curved arrow) and these images
represent a snapshot from a dynamic ensemble of conformations. (E) Cartoon depicting the
dynamic distribution of the hRpn13 Pru (ribbon, orange, yellow and red) and hRpn10 UIMs
(ribbon, shades of green) at the proteasome (surface rendering). Three possible snapshots

of hRpn13 Pru (PDB:6C0O4) and hRpn10 UIMs (PDB:1Y X4) are displayed based on their
free structures with hRpn13 F76 in ball and stick rendering (blue). Also displayed are hRpnl
(light pink) NT (orange) and T1 (blue), hRpn2 (purple), hRpn10 VWA (pink), and hRpn1l
(gray) (PDB: 5GJQ).
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Figure 3. Interactions between proteasome-associated receptors and ubiquitin processing
enzymes.

(A) Representation of differentially ubiquitinated substrates including with a single branched
ubiquitin chain (top left) or multiubiquitinated substrates with chains (middle left) or
monoubiquitin (bottom left) attached. A model of how a multiubiquitinated substrate
(purple) may engage the Rpn10 UIMs (green), Rpn13 Pru (pink), and Rpnl T1 (indigo)

is provided (right). (B) View of the Rpn1 and Rptl (light blue) regions of the budding
yeast 26S proteasome bound to the Ubp6 catalytic domain (USP, light orange) conjugated
to ubiquitin aldehyde (green). The Rpnl (pale green) T1, T2, and NT sites are colored
indigo, burgundy, and deep orange, respectively. The Ubp6 N-terminal UBL domain was
not visible in this cryo-EM structure (PDB:5A5B). (C) As in (B) but displaying Rpn13

Pru (pink) at Rpn2 (violet) (left; PDB:5A5B). A box insert shows the human domains

with interacting partners, including hRpn13 Pru bound to the C-terminus of hRpn2 and the
hRpn13 DEUBAD domain (PDB:6C0O4) bound to UCHL5 (ULD, orange; catalytic domain
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(UCH), yellow; PDB:4UEL). (D) Structure of the hRpn10 RAZUL (dark purple) bound to
the EGAP AZUL (pale yellow; PDB;6U19). Zinc is displayed as a grey sphere. All structure
images were generated with ChimeraX.
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Figure 4. New therapeutic applications involving the proteasome.
(A) Cartoon depicting a PROTAC (hot pink) linking a non-native substrate (purple) to

an E2 (grey) : E3 ligase (green) complex for ubiquitination and degradation by the 26S
proteasome. POI, protein of interest. (B) Cartoon representation of the degradation of a
protein of interest (POI, purple) by an EGAP (green)-binding PROTAC (hot pink). The
AZUL (green) : RAZUL (navy) interaction that binds EGAP to the proteasome is displayed
as a ribbon diagram with zinc in light blue. The Rpnl T1 and Rpn10 VWA and UIMs

are colored shades of blue. (C) Structure of XL5 (light yellow) bound to the hRpn13 Pru
domain (pink) with C88 (blue) and other interacting side chain heavy atoms highlighted. (D)
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Schematic of hRpn13 Pru (pink) ubiquitination and degradation by a PROTAC (light yellow)
that uses XL5 to bind to hRpn13 Pru while also binding to an E3 ligase (blue).
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